Recent technical progress is demonstrating the possibility to stack together virtually any combination of atomically thin crystals of van der Waals bonded compounds to form new types of heterostructures and interfaces. As a result, there is the need to understand at a quantitative level how the interfacial properties are determined by the properties of the constituent 2D materials. We address this problem by studying the transport and opto-electronic response of two different interfaces based on transition metal dichalcogenide monolayers, namely 
a prime role. To progress at this stage it is useful to focus our attention on an important class of systems for which we can exploit existing intuition, namely that of semiconducting monolayers forming an interface that also behaves as a semiconductor, whose properties can be deterministically controlled by selecting the two constituent semiconductors in the vast palette of existing 2D materials.
At the simplest level, the strategy is to choose the constituent monolayers with an appropriate band alignment, so that the conduction band of the interface is inherited from one of the monolayers and the valence band from the other (as it happens in so-called type II semiconducting heterostructures). 18 Under these conditions, many key interfacial semiconducting properties are distinct from those of the constituents, but uniquely determined by them. These include the size of the band gap (defined by the energetic alignment of the bands in the two monolayers), whether the gap is direct or indirect in k−space (determined by appropriately selecting the crystalline lattices of the materials forming the interface), the joint density of states governing absorption and radiative processes (directly linked to the properties of the bands in both constituent monolayers), and more. The interface is therefore a composite system that possesses unique semiconducting properties defined at the assembly stage by the choice of the constituent monolayers, which fully determine the low-energy optoelec-3 tronic response of the system detected experimentally. In other words, the interface truly behaves as an artificial semiconductor whose properties -that determine the optoelectronic response-are created by design.
Whereas over the last couple of years considerable experimental effort has focused on vdW interfaces of different semiconducting 2D materials, [19] [20] [21] [22] only a very limited amount of work has been done to probe transport and optical properties on a same structure, enabling a full understanding of the energetics of vdW interfaces. That is why developing the ability to probe the properties of vdW interfaces based on 2D
semiconductors to determine quantitatively -directly from experiments -how these properties are related to those of the constituent 2D materials, is now a key prior- The device configuration employed for our transport measurements -essential to obtain the results discussed below -is illustrated in Figure 1 Figure 1e (with the gate and reference electrodes also shown; see section S1 in Supporting Information for details of the fabrication process). The important aspect of this device geometry is that the different parts of the structure can be measured independently in a field-effect transistor configuration, while being directly connected to each other. This is key as it allows a direct quantitative comparison of relevant quantities measured in the different parts of the device. (similar data is shown for WSe 2 /MoSe 2 interface, in the section S2 in the Supporting Information). Except for a small hysteresis, the output curves exhibit a virtually ideal behavior: the linear regime is observed at low V SD , followed at larger positive V SD by a well-defined saturation regime, and by a steep increase in I SD if the source-drain bias is increased further to enter the ambipolar injection regime (i.e., when electrons and holes are injected at opposite contacts). 39 We also determined the subthreshold swing by looking at the semi-logarithmic plot of the transfer curves, and found S = 98 mV/dec and S = 74 mV/dec for electron and hole transport, respectively (see Fig- ures 3b and 3c). Both these values are very close to the ultimate room-temperature limit of 66 mV/dec. 33 Together with the ideal ambipolar behavior shown in Figure 2 , these measurements demonstrate that the quality of FETs realized on vdW interfaces is comparable in all regards to that of FETs realized on individual TMD monolayers.
Next we discuss the optoelectronic properties of the vdW interfaces, starting with PL measurements performed on the WSe 2 /MoSe 2 system. The room-temperature interface PL spectrum is shown in Figure 4a (solid red curve). It consists of two main peaks centered around 1.36 eV and 1.6 eV, with the latter exhibiting a shoulder around Despite any possible reduction due to the enhanced screening caused by the presence of the ionic liquid, this is a rather large value, as expected from recent estimates. No sign of a radiative interlayer transition is seen in this case. Also here, the WSe 2 PL peak is red-shifted in the interface region due to the formation of trions, but at T = 4.2 K the red-shift disappears, as shown by the PL spectra plotted in (d).
nating from direct intralayer exciton transitions in MoS 2 , as it can be inferred from the PL spectrum measured on the MoS 2 monolayer (green line in Figure 4c ). Similarly to the case of the WSe 2 /MoSe 2 interface, the 1.59 eV peak is due to intralayer trion recombination in WSe 2 , and is red-shifted relative to the recombination of neutral excitons in the isolated WSe 2 (blue line in Figure 4c ). Here as well, trions in WSe 2 are formed in the interface region due to a small density of thermally activated charge carriers transferred from MoS 2 . Indeed, when the PL spectrum of the interface and of WSe 2 are measured at T = 4.2 K -with thermal transfer of carriers fully suppressed -the shift disappears and the position of the peak measured in the isolated WSe 2 monolayer coincides with the position of the peak measured in the WSe 2 forming the interface (see Figure 4d ; the only difference is that the peak of the isolated monolayer is sharper).
The most relevant aspect of these measurements is the absence of any features at energy smaller than those originating from intralayer transitions in the individual monolayers. As the single particle band gap extracted earlier from transport experiments is ∆(WSe 2 /MoS 2 ) = 1.08 eV, any possible interlayer transition should be visible below this energy. However, no signal is observed here even though our spectrometer is sensitive down to 0.8 eV. Several devices with different rotational alignment were studied with no significant difference in their PL response: in no case a peak with energy smaller than 1.08 eV was observed. The experimental results therefore fully support the conclusion that the band gap of the WSe 2 /MoS 2 interface is indirect in
More information about the interface interband transitions can be obtained from photocurrent spectroscopy. 43, 46 Whereas the outcome of PL experiments strongly depends on the competition between radiative and non-radiative decay processes, PC spectroscopy reveals details of optical interband transitions in a way similar to optical absorption measurements. properties of an individual monolayer are given and cannot be modified, whereas the properties of interfaces can be deterministically defined by appropriately selecting the constituent monolayers in the vast portfolio of existing semiconducting 2D materials.
As such, vdW interfaces are composite systems that behave in all regards as artificial semiconductors with properties that can be engineered by design at the assembly stage.
